During the OPUS (Organization of Persistent Upwelling Structures) study of the upwelling center at Point Conception, California, large (380 liter) plastic shipboard enclosures (barrels) were tested as experimental tools to study phytoplankton processes in isolation from variability in circulation and grazing. Barrels were filled with water from the upwelling center during different stages of the upwelling cycle. Upwelling was simulated in one barrel series and the phytoplankton response to additional nutrients and shading was examined. Measurements of 15N uptake (VNO,-) and nitrate reductase activity (VNR) made in the barrels are reported in the context of a "conveyor-belt" hypothesis in which upwelled algae go through a "shift-up" in metabolism followed by a "shiftdown." The results showed the same trends as those obtained with Lagrangian sampling along drifter tracks initiated at the same time and place as the barrels.
In coastal upwelling areas subsurface waters are advected into the euphotic zone. The centers of such areas are three-dimensional point sources of nutrient-rich water that result in high productivity (Barber and Smith 198 1) . A sequence of physiological changes by phytoplankton is thought to occur along the axis of the upwelling plume, the details of which are described elsewhere (Dugdale and Wilkerson 1985; MacIsaac et al. 198 5) and summarized as the "conveyor-belt" hypothesis in Fig. 1 . Jones et al. ( 1983) characterized a series of idealized zones within the system. Newly upwelled phytoplankton near the upwelling center are "shifted-down" (Schaechter 1968; MacIsaac et al. 1974) , growing and taking up nutrients slowly. As the algae adapt to the high light downstream, nitrogen rate processes initially "shift-up,"
followed by carbon processes. Macromolecules are synthesized, leading to increased growth rate and biomass. Nutrient concentrations are rapidly reduced, and the cells respond by I This study was supported by NSF grants OCE 82-15221 and OCE 85-05400 (OPUS program) and OCE 77-27006 (CUEA studies).
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undergoing rate decreases or shift-down. Throughout this cycle, algae will sink from the euphotic zone (Bienfang 198 1) and may be re-entrained.
Observations of physiological responses of algae to upwelling were described by Barlow (1982a Barlow ( ,b,c, 1984 working in the Benguela Current upwelling system; he investigated the relative proportions of algal-fixed 14C in small molecules and macromolecules in upwelled water of different ages. Both in water sampled followed upwelling and in recently upwelled water (type 1: Andrews and Hutchings 1980) , most 14C was incorporated into low molecular weight precursors, whereas in more mature upwelled water (type 2: Andrews and Hutchings 1980) most of the label was found in protein (shift-up occurring), and in aged upwelled water (type 3) 14C occurred mainly in polysaccharides during bloom formation (balanced growth stage).
The underlying mechanisms by which phytoplankton adapt to upwelling have not been studied in detail experimentally, but physiological data from free-living and cultured phytoplankton support many of the steps described here. ammonium uptake and assimilation. These systems would be activated as light-deprived phytoplankton are upwelled to the euphotic zone. Attempts to simulate upwelling in controlled conditions have been made. Thomas et al. (1980) showed that pumping enriched seawater through a mixed algal chemostat culture (to simulate upwelling) enhanced metabolism that diminished when nutrient-poor water was introduced. Ishizaka et al. (1983) simulated upwelling by filling 1 -liter bottles with deep, nutrient-rich ocean water. In the light the seed algae were stimulated to grow exponentially within 4-l 0 d; the maximum yield was proportional to the concentration of available nutrients.
A major aim of the Organization of Persistent Upwelling Structures (OPUS) Program was to investigate adaptations by phytoplankton to upwelling. The upwelling center studied was located off the coast of California between Point Argue110 and Point Conception (Fig. 2) and is described by Brink et al. (1984) and Atkinson et al. (1986) . In our study the results of nitrate uptake and nitrate reductase experiments conducted with 380-liter shipboard barrels during the progression of upwelling are described in the context of shift-up and shift-down. The hypothesis that the extent and duration of shift-up was related to the initial nitrate concentration of the barrels was tested and the results compared with data from the Peru upwelling region at 15"s. We thank the OPUS scientists involved during OPUS-83, especially J. Beeler SooHoo, P. Mosto Cascallar, J. N. Kremer, E. Olson, I. Sturgeon, and R. C. Zimmerman, and the crew of the RV Velero IV. Special thanks to D. Blasco and T. T. Packard who not only participated directly in the research but also provided the support that made possible the participation of R.C.D. on the cruise. in Fig. 2 . Jones et al. (1983) , Brink et al. (1984) , and Atkinson et al. (1986) give a detailed description of the upwelling region.
Materials and methods
Vertical profiles of salinity, temperature, nutrients, and pigments were made from hydrocasts at each station. Temperatures were measured with reversing thermometers. Large-volume samples were collected for productivity measurements (productivity stations) with 30-liter Niskin bottles from depths equivalent to the 100, 50, 30, 15, 5, and 1% light penetration depths (LPD), as determined from irradiance profiles with a LiCor quantum irradiance meter that had a submersible probe.
Large shipboard barrels (380 liters)-somewhat larger than the shipboard vats of Eppley et al. (197 1)-were used as experimental tools to investigate phytoplankton processes in isolation from variability in circulation and grazing. They were usually filled with water using 30-liter Niskin bottles from G-l (the station nearest to the upwelling center: Brink et al. 1984) , although some were filled at other locations (Fig. 2) , usually from a depth equivalent to 50% LPD (about 2 m). The number of the barrel time series was taken from the associated productivity station number. Figure 3 shows the timeline of sampling, along with some of the hydrographic characteristics of the station at which each barrel was filled. For Lagrangian comparison, drifters were launched at the time barrels were filled. Productivity measurements were then made along the drifter track. Water for the barrels was passed through a 200-pm net to remove larger zooplankton. Three 380-liter Nalgene barrels were held in a 4-m-long holding tank through which seawater from 3-m depth was pumped to maintain near-ambient temperature (+ 1OC). Each barrel had a loose-fitting lid of Plexiglas to prevent sample contamination by excessive surge, especially during heavy seas. The inside of the tank was painted white to maximize the uniformity and diffuse nature of the light field. The irradiance field was uniform within the barrelsabout 60% of incident irradiance. Due to space limitations on deck, barrel 1 (Bl) was in full sunlight, barrel 2 (B2) in a less exposed position, and barrel 3 (B3) in an area partially shaded by the overhang of the upper deck. Although some enclosed water columns have been stirred (Eppley et al. 1978) no effort was made to mix the barrels beyond normal ship motion, since Harrison and Davies (1977) showed that settled material accounted for only 1.5% of the total particulate nitrogen during the first week in an unstirred CEPEX bag. The barrels were smaller than other experimental enclosures such as CEPEX bags (Grice and Reeve 1982) but the periods over which they were sampled were much shorter. Rather than sampling for up to 60 days (Takahashi et al. 1982) , the OPUS enclosures were sampled several times a day for up to 6 d with a clean plastic bucket. As with drifter productivity stations they were assayed for nutrients, pigments, nitrate uptake, and nitrate reductase activity.
Nutrients local noon) in 2-liter Pyrex bottles as described by MacIsaac et al. (1985) from samples taken at productivity stations or from barrels. Light intensity during 15N incubations was adjusted to 50% of surface irradiance with perforated nickel screening (Perforated Products) around the bottles. Samples for both particulate nitrogen (PON) and lSN : 14N isotope ratio were analyzed according to CUEA Technical Report 44 and Dugdale and Wilkerson (1986) using an AEI MS-10 mass spectrometer. Nitrogen-specific uptake rate (VNO,-, uptake normalized to PON) was calculated as V, as described by Dugdale and Wilkerson (1986) .
Nitrate reductase (NR) was measured on samples collected by filtration of 4 liters of seawater onto GFK filters. These filters were kept in liquid nitrogen and assayed for NR up to 2 months after the cruise by the procedure of Packard et al. (1978) . The results were normalized to particulate nitrogen to yield a specific rate of NR activity (VNR) with the units h-l x 104.
Day 1 to day 2 acceleration rates of VN03-and VNR were calculated in hm2 by taking the increase in the rates ( VN03-or VNR) between the data points nearest to 24 and 48 h respectively and dividing by the elapsed time.
Results
Barrels were filled throughout the OPUS-83 cruise during periods of relaxation and weak to major upwelling (Fig. 3 ). Events shown in Fig. 3 were obtained from windstress data (Atkinson et al. 1986 ). First the results from a barrel in which deep water (100 m) was used to simulate upwelling are described. The rest of the data are then shown in sequence of upwelling strength, starting with barrels filled during relaxation or weak upwelling (29B3), at the start (12B l), and during moderate upwelling (58B 1 and 58B3) and major upwelling (74Bl and 74B3). The two digits to the left of the barrel number indicate the productivity station at which the barrel was filled.
Simulation of upwelling-(barrels 36B 1 and 36B2): During the last 2 weeks of April 1983 (a relaxation or nonupwelling period, Fig. 3 ), experiment 36B was designed to simulate the changes that occur during upwelling. Water from 100 m (relatively rich in nutrients, i.e. 20 pg-atoms liter-l N03--N) was used to fill 36Bl and 36B2. Some near-surface water was added to 36B2, so that the final, composition was 80% 100-m water and 20% 20-m water. The response to increased irradiance and nutrients was slow (Fig. 4) , with a gradual increase in VN03-and VNR. The nitrate concentration decreased in the barrels from 19 pgatoms liter-l N03--N on day 0 to 15 after 5 d (128 h). The percentage changes in V/N@-were positive in these barrels (Table  1) and showed the algae to be shifting-up slowly. There was no significant buildup of biomass as measured by PON over the time the barrels were sampled, although Chl a showed some response after 80 h.
BarrelsJilled with water during upwelling events of d@erent intensities-Relaxation (barrel 29B3): This barrel was filled on 21 April 1983 at the station nearest to the upwelling center (G-l) during a relaxation period, just before a weak upwelling event ( 3). At station 29, taken just before filling the barrel, the near-surface water was warm (13.2"C at 10 rn), surface nitrate undetectable, and Chl a low ( 1.3 pg liter-l). The depth of the mixed layer was 10 m with Chl a uniformly distributed throughout the water column. In the barrel, nitrate concentrations were low, and the phytoplankton quickly took up what was available (Fig. 5) . There was a decrease in VN03-and little change in VNR, accompanied by a brief increase in biomass (Chl a from 1.3 to 2.7 pg liter-' and PON from 2.25 to 3.85 pgatoms liter-') in the first 24 h. This sequence was followed by a slight decline in PON and no change in Chl a with time (Fig. 5) . The percentage change in VN03- (Table 1) was negative, indicative of shift-down.
Pre-upwelling/weak upwelling (barrels 12Bl and 12B2): The hydrographic profile at station 12, made on 10 April 19 8 3 showed a nonupwelling, stratified condition, with the depth of the mixed layer at 10 m, with a pronounced subsurface chlorophyll maximum at 25 m (10.7 pg liter-') and low surface nitrate (0.8 pg-atoms liter-' NO,--N). Consequently, initial nitrate concentrations in both barrels were low (Fig. 6 ). In 12B1, VNR decreased with time but was higher than during relaxation (Fig. 5) . VNO,-increased over 30 h until nitrate was unmeasurable and then decreased. The low positive percentage change in VN03-from day 1 to day 2 is consistent with the algae going through shift-up (Table 1) . Six hours after filling, barrel 12B2 was spiked with additional nutrients (20 pg-atoms liter-l NO,--N, 10 bg-atoms liter-l SiOd3--Si, and 2 hg-atoms liter-l POd3--P) which stimulated VN03-and especially VNR. These rates began to decline after 66 h, with an accompanying rise in PON.
Moderate upwelling (barrels 58B 1, 58B2, 58B3, and 17B 1): The temperature and salinity profiles for station 58 (3 May 1983) showed a slight stratification between 10 and 25 m, surface mixing reaching only to 10 m. Low concentrations of Chl a (0.449 pg liter-l) were found in the water column. Surface nitrate concentration (10 pg-atoms liter-' NO,--N) was typical of the start of wind-driven upwelling. In barrels filled with this water (5 8B 1 and 58B3) the algae reduced the nitrate from 8 pg-atoms liter-l (Fig. 7) . These rates began to decrease after 93 h in 58B3. YNO,-leveled off in 58Bl earlier (after 46 h), perhaps because it was exposed to higher light levels than 5 8B3 (see methods). The shifted-up condition of these algae is well, illustrated by the percentage rate change (Table 1) . Biomass also increased with time, PON rising from 3 to 7.5 E.cg-atoms liter-l over 100 h and Chl a increasing from 0.4 to almost 8 bg liter-l over the same period. These shift-up trends were also seen in barrel 17B 1 -a barrel that was filled during a moderate to major upwelling event on 13 April 1983. The results from 17Bl are not plotted since the barrel was sampled only twice: 19 and 43 h after filling. Between these sampling times VNO,-increased from 0.105 to 0.117 h-l and VNR (measured as h-l x 104) from 11.2 to 109.9. Barrel 58B2 was spiked with the same nutrients as 12B2 after 30 h. VN03-and VNR were maintained at higher rates for longer periods in 58B2 than in the unspiked barrels. The duration of shift-up was extended.
Major upwelling (barrels 74B 1 and 74B3): Barrels 74B 1 and 74B3 were filled on 8 May 198 3 at G-1 during a major upwelling event.
The station temperature and salinity profiles indicated no stratification and mixing to the bottom (30 m). The cold temperature (10.6"C at 10 m) and high surface nitrate concentration ( 17.9 pg-atoms liter-l N03--N) are typical of strong upwelling. Figure 8 shows that nitrate concentrations decreased from 18 pg-atoms liter-l N03--N to 11.5 in 9 1 h (4 d). The rates of nitrate uptake and assimilation ( VN03-and VNR) were higher than in barrel 58 (Fig. 7) and increased rapidly, indicating strong adaptation (shift-up) to the available nutrients and light. Twentytwo hours after being filled, 74B3 was shaded with screening to 20-30% of surface irradiance (besides being shaded by the upper deck) and received 80% less light than 74B 1. t Fig. 6 . As Fig. 4 , but for barrels 12B 1 (0) and 12B2 (x). Arrow indicates addition of a nutrient spike to 12B2 after 6 h. This fact may explain why VN03-increased by 567% in the well-illuminated barrel and by only 36% in the shaded barrel between days 1 and 2 (Table 1) (Table 1) . Adding nutrients increased the percentage change or shift-up (spiked barrel, 12B2), besides extending the duration of shift-up (spiked barrel, 58B2). The barrels used to simulate upwelling (36B 1 and 36B2) had very high levels of nitrate, yet even after day 3 showed low percentage changes in VN03-, typical of weak upwelling. Barrel 36B 1 was filled with 100-m water (deeper than the source of water typically upwelled at Point Conception; Jones et al in prep.) and 36B2 was filled with 80% 100-m water and 20% 2-m water. There was a higher percentage increase in VN03-
To investigate the relationship between nutrient concentration and rate of shift-up, we used data for day 1 and day 2 for each of the barrels in which VN03-or VNR increased to calculate acceleration of VN03-or VNR (in units of hm2 x 104), which was plotted against the nitrate concentration at day 1 (Figs. 9 and 10) . Even though the entire data set for the barrels is sparse, a positive trend between acceleration of both VN03-and VNR and initial nitrate con- lowing a major downwelling event. S238 was deployed from station 25 (at G-l) on 19 April 1983 and 29B3 was filled 2 d later, also at G-1. Both stations had warm water (about 13°C at 10 m) with undetectable levels of nitrate. The same trends in nitrogen dynamics were seen in the barrel and along the drifter track: shifted-up cells going through shift-down with time. Nitrate concentrations remained low and VN03-decreased. The value of VN03-at the start of the drifter (at G-1) was 0.096 h-l (100% LPD), almost the highest observed in the OPUS upwelling area. After 48 h the YNO,-was similar to that at the start of 29B3. The low level of VNR showed little change. PON and Chl a levels decreased along the drifter track whereas they stayed constant in the barrel.
Comparison of drlyter 5'239 and barrels 58BI and 58B3 -This experiment began at station 58 (described above) during a moderate upwelling event. Figures 7 and 12 show that the same changes in nitrogen rate processes occurred over the first 80 h (the maximum time that the drifter was followed) along drifter track S239 and in 58Bl and 58B3. In both experiments the nitrate concentration decreased with a concomitant increase in VN03-and VNR. Both data sets show acceleration of nitrogen uptake and assimilation (shift-up, Table 1 ). The PON and Chl a concentrations did not show much change along the S239 stations, whereas both increased with time in the barrels.
Discussion
Barrels as experimental shipboard enclosures -The 3 go-liter Nalgene barrels were useful experimental tools during the OPUS-83 field study. Nitrogen dynamics in these barrels were qualitatively representative of those obtained with Lagrangian sampling along drifter tracks. Shipboard containers of upwelled water allowed sampling of the same water with more confidence and for longer duration than relying on tracking drifters, especially during adverse sea conditions during major upwelling at Point Conception. S239 could only be followed for 70 h, whereas the parallel barrel sampling continued for more than twice as long. Also there is some difficulty interpreting data from drifter track studies due to water mass uncertainties.
Bottle incubations were used by MacIsaac et al. (1985) and Ishizaka et al. (1983) for short-term holdover experiments and 4-l O-d culture experiments.
These small-volume containers are less useful than the large barrels because the sampling volumes are limited (time-courses of VN03-and VNR cannot be measured on the same bottle sample) and because of artificial containment effects that may become critical after 20-30 h of enclosure.
Enclosures made replication and experimentation with the upwelled water feasible, allowing us to add nutrients, reduce the light availability, and examine diel variability in phytoplankton physiology (SooHoo unpubl.). As such they possess many of the advantages of larger containers such as CE-PEX bags or MERL tanks. However, they were far smaller (0.4 m3 compared to 68 m3 and 1,300 m3 for CEPEX and 13 m3 for MERL) and were sampled for a shorter time (days vs. weeks). Consequently the barrels, like the vats used by Eppley et al. (197 l) , cannot really be viewed as shipboard mesocosms. In most cases they were used as experimental tools for physiological studies in coordination with more classical oceanographic sampling, rather than being left to develop into complex community structures. In most cases variables measured in barrels filled with the same water showed remarkably good replication. In some situations there were discrepancies that may be due to differences in light availability. Due to limited deck space, barrels could not be positioned to receive identical light conditions. VN03-seemed most sensitive to this and showed the greater variability. For example, VN03-measurements in 58B 1 were less than 58B3; the former was situated in brighter light and may have been subject to light inhibition.
Interestingly, the nitrogen budget does not always show a mass balance, i.e. nitrate depletion does not usually equal pNO,-which does not equal the PON increase. This discrepancy has been described and observed before in experiments with 15N in both oligotrophic and eutrophic waters and was reviewed fully by Dugdale and Wilkerson (1986) .
The trends of changes in nitrogen dynamics in the barrels were similar to those observed at stations along some drifter tracks during both relaxation (shift-down) and upwelling (shift-up) events. The absolute rates and concentrations were not always identical, presumably due to the lack of physical advection and grazing in the barrels and to varying light levels. Nitrate disappearance was faster in S239 than in 58Bl and 58B2 because the disappearance of N03-seen at the start of the drifter track was not entirely due to biological uptake but rather to physical mixing. Further along the plume axis, most of the nitrate disappearance could be accounted for by uptake . In support of such an explanation, VN03-and VNR values were the same in both situations. Without grazing and sinking losses, biomass concentrations in 5 8B 1 and 58B2 were able to build up to greater concentrations than along S239. Similarly, during relaxation, PON and Chl a levels were reduced to lower levels along S238 than in 29B3.
Condition of upwelled water for phytoplankton growth-The upwelled water at Point Conception during OPUS-83 appeared to be adequately "conditioned" for growth, i.e. it apparently had been modified in some way to have a positive influence on phytoplankton physiology (Barber et al. 197 1) at the upwelling center (G-l). Once lifted from 25-30 m to the surface, the phytoplankton were able to respond immediately by shifting-up. Another seeding mechanism for shift-up may be from horizontal advection of nutrient-depleted cells into the newly upwelled plume (Jones and Brink 1985) . The simulation experiment of barrel 36 shows that water from greater depths (100 m) was probably not conditioned when introduced to optimal light conditions and required a period of biological conditioning before the real onset of shift-up. Similarly, studies of phytoplankton growth in artificially upwelled deep water showed that natural populations of marine phytoplankton did not grow or grew only poorly Barber et al. 1971) . Whether this was a trace metal/organic ligand requirement (Barber and Ryther 1969; Barber et al. 197 1) or an inherent toxic factor that required biological conversion ) is unclear. Interestingly 36B2, which contained 20% 2-m water, showed a slightly greater acceleration (Table  l) , maybe because the 2-m water was better conditioned for upwelling into high light than water from 100 m.
Nitrate uptake vs. nitrate reductase activity-VN03-and VNR covaried with time in the barrels and along the drifter tracks as might be expected since both measurements are related to nitrate assimilation. Both increased with nitrate and light following upwelling as described at 15'S, Peru, by Blasco et al. (1984) and MacIsaac et al. (1985) . These two variables were not matched at the start of drifter S238; during relaxation when VN03-reached almost the highest value of the whole study, VNR was low. This difference may occur because VNR measures the current nitrate activity whereas 15N03-uptake reflects nitrate assimilation rates in existence immediately before sampling (Blasco et al. 1984) .
Production cycle (shift-up and shiftdown) -Both barrel and drifter results show an increase or shift-up in nitrate uptake and assimilatory rates during upwelling events that can be recognized by a positive change with time. The converse, anegative change or shift-down of nitrogen dynamics, occurs during relaxation or downwelling. Since the rates described here are normalized to PON, there is a possibility that the changes observed could be due to changes in the proportion of living to detrital nitrogen. This seems unlikely for two reasons. First, when the ratio of PON : Chl a was used to assess the phytoplankton contribution to the PON pool (McCarthy and Nevins 1986) , it was calculated that acceleration of VNO,-could not be met by changes in the ratio. The percent decreases in PON : Chl a from day 1 to day 2 for the barrels and drifters rarely approached the percent increases in VN03-listed in Table 1 . For example, for 74B 1 the percent decrease in PON : Chl a was 49% compared to the percent increase of 567% for VNO,-, and for S239 (100% LPD) the percent decrease in PON : Chl a was 13% whereas the percent increase for VN03-was l,lOO%. This suggests that detritus is not the major cause of the observed acceleration or shift-up. Secondly, with model simulations, simple changes in living : detrital nitrogen were inadequate to explain the acceleration (shift-up) in VN03-observed during OPUS-83 (Zimmerman et al. 1987) .
The hypothesized production cycle of the conveyor belt seems to hold for the upwelling center at Point Conception, as it does for the upwelling center at 15'S, Peru , and Cap Blanc, northwest Afr3ca (Dugdale and Wilkerson 1985) . The percentage changes off Califor- INITIAL SILICATE, pg-atoms K'SiO~--Si Fig. 13 . Acceleration of VN03-from day 0 to day 1 plotted against initial silicate concentration for drogue and holdover data from 15"S, Peru (for details see MacIsaac et al. 1985) .
nia are similar in magnitude to those off Peru . The timing of this cycle at Point Conception, in relation to the upwelling events, shows elements of both the African and Peruvian systems. As off Peru, shift-up during the OPUS study was driven mostly by increased light, so that shift-up was a consequence of upwelling of seed algae from the relatively dark, deep waters to the surface. Yet, as off northwest Africa, strong winds determine when this cycle is most effective. During strong winddriven upwelling, maximal productivity rates cannot be realized, especially near the coast , since the resultant turbulence and deep mixing reduce the mean irradiance experienced by the upwelled phytoplankton. Consequently at both Point Conception and Cap Blanc some of the highest vN03-values occurred during the initial phase of relaxation, when high concentrations of nutrients remained from the previous upwelling event, winds were relaxed, mixing was low, and light conditions were favorable. The high value for T/N03-obtained during OPUS-83 during relaxation (station 25) was much higher than any measured for northwest Africa. This difference is probably due to higher nutrient concentrations at Point Conception Jones et al. 1983) .
The conveyor-belt scheme does not represent the only productivity cycle going on in an upwelling area (Estrada and Blasco 1985) . Frontal zones may play an important role and have their own productivity cycles. Both schemes must include states of shiftup and shift-down or equivalent adaptive phases.
Nutrient concentration and shift-up-It has been recognized that the nutrient concentration of the source water is an important factor in determining the productivity of an upwelling center (Barber and Smith 198 1; , which follows from the concept of new production (Dugdale and Goering 1967) equivalent to the flux of primary nutrient into the euphotic zone. We hypothesize that the primary controlling nutrient of an area (silicate off Peru, nitrate off northwest Africa and Point Conception) controls the maximum rates of specific nitrate uptake achieved (Dugdale 1983 ) and the duration of increase of vN03- (Dugdale and Wilkerson 1985) . Consequently the accelerations of vN03-and VNR in the production cycle of an upwelling center are functions of the initial nutrient concentration provided, as seen here. Acceleration of both variables from day 1 to 2 in the OPUS barrels was positively related to nitrate concentration in the barrel on day 1 (Figs. 9 and 10).
To investigate the generality of this observation, we calculated acceleration rates from vN03-measurements made aboard the RV Wecoma from JOINT-II, 1977 , to 15"S, Peru, and plotted them against silicate concentration (often the limiting primary nutrient in that upwelling center: Dugdale and Goering 1970) . The lowest silicate concentrations shown (Fig. 13) were high, > 20 pg-atoms liter-I. However, values Of Ksi for growth as high as 88 pg-atoms liter-' have been reported (for Antarctic phytoplankton: Sommer 1986 ) implying that such high silicate concentrations could influence physiological rates. Also Dugdale et al. (198 l) , reviewing K, values from laboratory and field studies using V/ I$.,,, = 0.9 as a criterion for saturation, showed that silicate concentrations of up to 53 pg-atoms liter-l could still influence uptake. Results from 100,50, and 30% LPD were used from drogue studies (I-2, 111-2, and III-3), along with holdover experiments from 50% LPD at Cl and C3 . A positive trend ( Fig. 13 ) with good correlation (r = 0.9 1) resulted. It appears that this positive relationship between acceleration or shift-up occurs in at least two upwelling sites. The rates of acceleration of VN03-off Peru were an order of magnitude greater than at Point Conception. This difference is most likely due to the higher nitrate concentrations that characterize the Peruvian system (22-25 pgatoms liter-' NO,--N). The difference in nitrate between the two systems may be a consequence of 1977 (Peruvian study) being a non-El Nifio year compared to the 1983 El Nifio in effect during the OPUS study. The theoretical implications of the initial nutrient concentration in driving the VN03-acceleration and thus new production and subsequent yield of the system have been demonstrated (Zimmerman et al. 1987) . The physiological basis for shift-up is as yet unclear (Maestrini and Bonin 198 1) but obviously requires the supply of nutrients for induction of uptake mechanisms and enzyme systems. This phenomenon deserves further experimental investigation, especially of the cellular mechanisms or contributing algal species components that may be involved.
